Introduction
3D bioprinting has attracted great attention in the field tissue engineering and regenerative medicine; different types of cells and extracellular matrix (ECM) proteins can be deposited simultaneously to form complex tissueengineered constructs for skin [1, 2] perfusable blood vessels [3] , cartilage [4] , bone [5] , neuronal [6] and cardiac tissue [7] . 3D bioprinting has a capability to fabricate complicated structures in high accuracy and reproducibility in the aspect of the shape, size, internal porosity, and interconnectivity [8] [9] [10] . One of the essential components of 3D bioprinting is the use of bioink which consists of multiple types of cells and various biomaterials. The requirements for appropriate and excellent bioink include printability, biocompatibility, and bioactivity [11] . Cells suspension in the gelatin is usually used as the bioink. However, the cells in the monolayer condition were found to grow slowly and loss functionality after culture for a long time [12] [13] [14] [15] . In contrast, cell viability and differentiated functions in a cell spheroid, accumulation of hundreds of cells in the shape of a sphere, could be maintained for prolonged periods of time. Retention in 3D structure, establishment of cell-cell contacts, and presence of extracellular matrix (ECM) are important reasons for spheroidal aggregation [16] [17] [18] . Currently, cell spheroids are used extensively in the study of tissue anatomy, drug screening [19, 20] , toxicology [21] , and cell proliferation and differentiation [22, 23] because they represent more similar in vivo biological behaviors. Therefore, cell spheroids could be an alternative format of the bioink. More importantly, such novel bioink enhances cell-cell interaction, growth, differentiation, and resistance to the environment because of the high cell density in the construct. As a result, the printed vascular construct shows a better cell-cell interaction and differentiation [24, 25] . Additionally, tissue construct printed using the cell spheroids could minimize the inclusion of biomaterials [ 26 ] , enhance the growth in the natural condition, and reduce the potential biodegradation which may release the toxic or unnatural byproducts [25] . The current methods of forming cell spheroids, such as using the U-bottom plate, cell hanging drop [27] , dielectrophoresis [28] and magnetic-assisted assembly [29] , require additional chemicals to modify the cell culture medium or the use of a complex device or complicated fabrication process, but in low throughput. Although rotating cell culture [30] , using non-adhesive surface [31] , and cell culturing in scaffold [32] can improve the throughput, they are still time-consuming and tedious with inconsistent production of cell spheroids in size. Microvalve-based printer is another high-throughput method to form cell spheroids, but low cell viability and inhomogeneity were found [33, 34] . In comparison, microparticle manipulation by the acoustic wave has been utilized in the field of lab-on-a-chip because of its advantages of non-invasiveness, low power consumption, free labeling, biocompatibility, and high throughput. Standing wave generated from the bulk acoustic wave (BAW) could trap the individual cells loaded into a certain device to the pressure nodes and then form cell spheroids [35] . However, excitation frequency for BAW is quite low (mostly below 4 MHz), resulting in weak acoustic radiation force, low throughput, and domination of acoustic streaming and temperature instability at the high power. In the recent year, surface acoustic wave (SAW) was introduced in the microparticle manipulation [36] . In comparison to BAW, SAW has the advantages of high excitation frequency, high throughput, low power consumption, less excessive heat and disturbance of acoustic streaming, simple manufacture of device in arbitrary design, and large range of operating parameters. However, the effect of excitation frequency on the formation of cell spheroids by standing surface acoustic wave (SSAW) and their biological characteristics has not been explored. As the distance between pressure nodes in the standing acoustic field is half of the wavelength, which is inversely proportional to the excitation frequency, and the acoustic radiation force applied to the microparticles is proportional to the frequency, the preparation time and size of cell spheroids is highly dependent on the excitation frequency. In addition, acoustic exposure at high intensity may produce significant biological effects, such as damages to the cell membrane [37] , apoptosis, and necrosis for the reduced cell viability. Furthermore, the fluid medium may also be heated up by the acoustic exposure due to the energy absorption, especially in a small cavity at high power output and high acoustic frequency, which may harm biological cells [38, 39] . In this study, the effects of excitation frequency on the formation of cell spheroids (accumulation time and size) and their biological characteristics (growth and cell viability) in the culturing afterward were studied. The motion of cells by SSAW for the formation of cell spheroids was simulated and then compared with the experimental results. It is hypothesized that the high-frequency excitation could reduce the accumulation time, but size of cell spheroids as well. The potential damage of acoustic exposure to the formed cell spheroids was evaluated up to 7 days after the production. Our study may be able to provide the guideline for the preparation of cell spheroids by SSAW as bioink for the future biotechnical applications.
Materials and Methods

Governing Equation
In the fluid, the motion of cells in the acoustic field depends on the resultant forces from acoustophoresis and Stroke drag. The Stokes drag force applied to the cells is due to the velocity differences between fluid and cells [40] . (1) where r is the radius of cell in the shape of a sphere, and are the velocities of fluid and cells, respectively, is the dynamic viscosity. As cells have different physical properties from fluid media, the propagation of an acoustic wave causes the cells to oscillate and pulsate, which leads to monopole and dipole scattering expressed in the resultant acoustic radiation force [41] . , (2) where and are the density of cell and fluid, and are the compressibility of particle and fluid, and are the dimensionless scattering coefficients for the monopole and dipole, respectively, and is the acoustic wave number. In the acoustic standing wave field, the acoustic radiation force acting on the cell is simplified as (3) where p 0 is an acoustic pressure,  is an acoustic contrast factor given by (4) The transverse motion of cells across the channel width under the action of the acoustic radiation force is governed by Newton's second law. As the cells are much smaller than the dimension of the microchannel, their longitudinal motion is assumed to follow the fluid streamlines. Particle motion was simulated by solving the ordinary differential equation (ODE) above using the fourth order Runge-Kutta method in Matlab (MathWorks, Natick, MA, USA). Material properties used in the simulation are listed in Table 1 , and the schematic diagram is same as that in our previous study [42] . 
Device Fabrication
Two pairs of identical interdigital transducers (IDTs) aligned perpendicular to each other were fabricated by positive photoresist lift-off process. The process started with hexamethyldisilazane (HMDS) treatment followed by coating the photoresist (AZ9260, MicroChemicals GmbH, Germany) in the thickness of about 5-µm on the surface of the LiNbO 3 wafer in the thickness of 500-μm (Y-128 propagating, University Wafer, Boston, MA, USA). The LiNbO 3 wafer was cured with UV to weaken the photoresist which was further developed with AZ-developer (400K, MicroChemicals GmbH, Germany). After that, the wafer was sputtered with a layer of 20 nm-Cr and 400 nm-Au, and the photoresist was removed by acetone (Aik Moh, Singapore). There are 20 strips in the width of 150 μm in each IDT with an aperture size of 2 cm. The poly-dimethylsiloxane (PDMS) microfluidic cavity was fabricated using the soft-lithography and mould-replica techniques. PDMS (Sylgard 184, Dow Corning, Midland, MI, USA) was fixed with elastomer base in a ratio of 10:1 and then poured on the mould in the length of 3 mm, the width of 3 mm, and the height of 100 μm. The PDMS cavity was degassed in a vacuum chamber (3608-1CE, ThermoFisher Scientific, Waltham, MA, USA) at 60 °C for 4 h. Then the PDMS cavity was bonded directly on LiNbO 3 by oxygen plasma (Harrick Plasma, Ithaca, NY, USA) treatment and then rest at 60 °C in the vacuum chamber for 10 min.
Experimental Setup
The PDMS cavity was punched with two holes for inlet and outlet. Prior to loading cells, the PDMS cavity was filled with 2% bovine serum albumin (BSA, Thermo Fisher Scientific) for 15 min to coat the cavity surface in order to reduce the cell adhesion. Many pressure nodes in the shape of grid with the size of half wavelength, which is determined by the excitation frequency of SAW and speed of sound propagating in the LiNbO 3 wafer, are generated inside the PDMS cavity after SAW excitation. The cells suspension was filled into a 3 mL syringe that was driven by a syringe pump (NE-1000, New era pump systems, Farmingdale, NY, USA) to the PDMS cavity through the inlet. The accumulation of cells and formation of cell spheroids in the cavity was observed under an optical microscope (CKX-41, Olympus, Tokyo, Japan) at 40× magnification and captured by a digital camera (QIC-F-CLR-12-C, QImaging, Surrey, BC, Canada), and the size of formed cell spheroid was quantitatively determined using digital image software (ImageJ, National Institute of Health, Bethesda, MD, USA). A sinusoidal signal of at the frequency of 10.4 or 23.8 MHz was generated (AFG3000, Tektronix, Beaverton, OR, USA), amplified (25A250A, Amplifier Research, Souderton, PA, USA) and supplied to these two pairs of IDTs at an output power of 0.7 Watt for the acoustic excitation. During the excitation of SSAW for about 30 min, the device (PDMS cavity on the LiNbO 3 wafer) was placed on a lab-made cooling plate to reduce the generated excessive heat. The cooling plate consists of a Peltier plate (thermoelectric cooler in the size of 4×4 cm, Robot R Us, Singapore), heat sink, and 5V DC brushless fan (Robot R Us). After the formation, the cell spheroids were transferred out from the PDMS cavity by pumping 1×phosphate-buffered saline (PBS) solution through the inlet at a flow rate of 2 μL/min. Then the collected cell spheroids from the outlet were observed under the same optical microscope. Logan, UT, USA) containing 10% fetal bovine serum (FBS, Gibco, Waltham, MA, USA) and 1% antibiotic-antimycotic solution, including 10,000 units/mL of penicillin, 10,000 µg/mL of streptomycin, and 25 µg/mL of amphotericin B (Gibco), in a cell culture flask (t75, ThermoFisher Scientific). The cells were incubated at 37 °C in a humidified incubator (Heracell 150i, ThermoFisher Scientific) under the condition of 5% CO 2 . The culture medium was changed every two or three days depending on the initial seeding. Achieving 80% confluence, the cell was dissociated using 0.25% Trypsin 1 mM EDTA.4Na (Lonza, Basel, Switzerland), centrifuged at 1,000 RPM (SL 8 small benchtop centrifuge, ThermoFisher Scientific) for 5 min at room temperature, and subsequently re-suspended in the culture medium in a concentration of 210 6 cells/mL and a volume of about 400 µL. Cell density was estimated using hemocytometer (Hausser scientific hemocytometer, ThermoFisher Scientific). Live/dead cell viability assays (L3224, L/D kit for mammalian cells, ThermoFisher Scientific) consisting of calcein-AM and ethidium homodimer-1 were used to stain the cells. The samples in 5 random areas were captured by the optical microscope and processed with ImageJ using the established protocols [43, 44] to count the live and dead cells stained in green and red, respectively. The cell spheroids were then cultured in ultralow attachable culture dish (＃3262 Corning ® , Thermo Fisher Scientific) to minimize the cell attachment. The spheroid size and cell viability were measured daily for 7 days [36, 45] .
Cell Preparation
Results and Discussion
Numerical Simulation of Cell Motion by SSAW
Using a network analyzer (HP8510B, Agilent Technologies, Santa Clara, CA, USA), the S 12 frequency response of IDTs (transmission coefficient) shows several peaks [42] . Trajectories of biological cells excited by low-frequency (10.4 MHz) and high-frequency (23.8 MHz) were simulated and compared. It is assumed that all individual cells were distributed uniformly across the PDMS cavity and do not gather before reaching the pressure node. In this simulation, the motion of cells and the time required to reach the equilibrium state are highly dependent on the equivalent force applied to them and their initial location. It is found that the trajectory motion of cells in the SSAW field can be fitted by an exponential rise curve and the rising rate is dependent on the initial distance to the pressure node and acoustic operating parameters, such as the excitation frequency and power (see Figure 2) . The correlationbetween acoustics parameters (e.g., excitation frequency, power output) and cell motion by SSAW was listed in Table 2 . Firstly, the cell motion across the cavity by either low-and high-frequency SSAW at different initial positions is shown in Figures 2A and B . It is clear that using the highfrequency excitation could accumulate the cells much more quickly. The effects of output power and cell diameter on the trajectory motion of cell were also investigated if the distance between the initial position and pressure node is fixed as 42 μm which is one-quarter of wavelength or the distance from anti-pressure node to adjacent pressure node at the high-frequency excitation. Referring to Eq.2, acoustic radiation force is proportional to the volume of the cell (or cube of cell diameter in the shape of a sphere) and the power (or square of acoustic pressure). Large cells reach the pressure node in a short time because of large acoustic radiation force applied to them (see Figure 2C) . At the high-frequency excitation, the cells in a diameter of 8 μm, 10 μm, and 15 μm at the acoustic excitation power of 1.0 W reach the pressure node after 6.26 s, 4.01 s, and 1.78 s, respectively. In comparison, the corresponding values at the low-frequency excitation are 13.58 s, 8.70 s, and 3.87 s, respectively, almost twice as those at the high frequency. In addition, the motion time required to reach the pressure node also decreases with the output power (see Figure 2D ). At the high frequency, cells in the diameter of 10 m reach the pressure node at 37.79 s, 8.00 s, and 4.01 s at the output power of 0.1W, 0.5W, and 1.0W, respectively. In comparison, the corresponding values at the low-frequency excitation are 89.27s, 17.37s, and 8.70s, respectively. The enhancement of high-frequency excitation for cells in different sizes at varied output power is similar, ~2.2 fold, which is slightly lower than the ratio of excitation frequency (2.4 fold). The trajectory motion of microparticles, either solid microspheres or cells, by the SSAW is able to be calculated and validated [46, 47] . The high output power and large size of microparticles have already been found to enhance the motion velocity of microparticles [42, 48] . In comparison to the solid microparticles in the similar size, cells usually have lower compressibility and density so that their motion speed is slower [49, 50] . In order to reduce the time of reaching the pressure node higher output power is required, which leads to high temperature elevation of the substrate during the IDTs excitation. Another potential side effect of acoustic manipulation of cells is due to the mechanical impact. However, previous studies show that acoustic excitation at the power of about 0.87 W does not decrease the cell viability significantly, but occasionally could even enhance the cell activities [38, 51] . Moreover, the initial location is one of the important factors for the cell accumulation time. The distribution of an acoustic radiation force from the standing waves is not uniform across the microchannel width [52] , pointing from the anti-pressure node toward the pressure node. Both pressure nodes and anti-pressure node locations have the lowest magnitude of acoustic radiation force in the standing wave field. Thus, cells located nearby the anti-pressure node have the low initial acceleration, especially at the high-frequency excitation and low output power in comparison to that at the low-frequency excitation and the same output power input (see 0.1 W in Figure 2D ).
It is noted that if the height of PDMS cavity is larger than the half wavelength of SSAW excitation multiple pressure nodes will be generated in the vertical direction. The magnitude and distribution of these pressure nodes in the central region of the cavity are quite uniform, but not at the edge [53] . Those cells accumulated at the middle region of pressure nodes are in the suspension and may have low possibility of attachment to the cavity. However, higher PDMS cavity may not allow the accurate measurement of the size of cell spheroids aligned vertically, but increase the production, which will be evaluated later.
Formation of Cell Spheroids by SSAW
Cell spheroids were gathered and formed from suspended individual cells under acoustic excitation, usually within 30 sec. The diameter of spheroids relies on the number of cells in the adjacent region of pressure nodes. The distance between pressure nodes in the PDMS cavity, which is the half wavelength and inverse proportional to the excitation frequency, is one of the important factors for the size of produced cell spheroids. In this experiment, both lowand high-frequency excitations could accumulate cells at the pressure nodes successfully (see Figure 3) . However, the size of cell spheroids and number of accumulated cells at each pressure nodes are not exactly same. The main reason may be non-uniform cell distribution in the PDMS cavity [54] with low Reynold number, <20 (see Figure 3C ). Accumulation of cells and subsequently, the formation of cell spheroids is a quite complicated phenomenon involving several factors, such as cell aggregation [55] , lateral shear force [56] , and culture medium (e.g., nutrients [57] , growth factor [58] , and waste [57] ). Initial average size of cell spheroids generated by the low-frequency excitation is slightly larger than the reported value in the previous study [36] at the same cell density (2×10 6 cells/mL), 32.8 ± 4.3 μm vs. 18.8 ± 3.0 μm. Low-frequency could gather more cells from a wide region due to its large wavelength for the generation of larger cell spheroids. Overall, it is a tradeoff between the size and accumulation speed of cell spheroids. New strategies or techniques are desired to produce large uniform cell spheroids in a short time. It is noted that low power output (e.g., 0.1 W) was applied after the cell spheroid formation for 30-90 min in order to allow sufficient ECM being secreted to hold them in place and avoid the sedimentation. No mergence of cell spheroids was found inside the PDMS cavity at the cell density used in this study. Afterwards, the spheroids are stable enough for handling and transferring.
During the excitation, most cells initially move toward and gather with the others at the nearby pressure nodes. However, it is found that some cells locate slightly away from the pressure nodes, which may be due to attachment of cells on the surface of PDMS cavity or LiNbO 3 wafer and curved wave front of SSAW inside the cavity. Cells attachment on the surface of microchannel is a common issue due to complicated surface properties [59, 60] . Briefly, the attractive forces from the surface are stronger than the combination of electrostatic repulsion force and acoustic streaming forces applied to the cell [61] . Subsequently, cells could not move and follow the acoustic radiation force. When the waves travel through PDMS and fluid medium at a long distance, acoustic attenuates particularly at the high frequency is not spatially uniform because of the heterogeneous properties distribution of each medium. The diffraction waves generated from the flat IDTs lead to the slightly curved wave front, but the flat grid in the numerical simulation. In addition, cell density may also determine the magnitude of force required to tightly pack cells into spheroid. In the recent study, during of cells High cell density results in the formation of large cell were found located away from the pressure node at high cells density [36] . Furthermore, cell density is an important issue. spheroids, but also high possibility of cell attachment and cell spheroid may also be possible using SSAW at the excitation frequency of 7.4 MHz at the cell density of clogging at the outlet of cavity when collecting them. Some cell spheroids generated are about 200 µm. Such a large 30×10 6 cells/mL.
Growth of Cell Spheroids
After the acoustic excitation, cell spheroids were collected and cultured in the incubator for up to 7 days to monitor their growth. All formed cell spheroids grow quite well (see Figure 4 ). After 7 days of culture, the cell spheroids prepared by the low-frequency excitation increase from 32.8±4.3 μm to 58.7±9.2 μm (1.79 fold) while those prepared by the high-frequency excitation increase from 18.8±3.0 μm to 38.5±7.9 μm (2.05 fold) as shown in Figure 4A . In addition, the collected cell spheroids in the petri dish were not found to merge with each other during the 7-day culturing.
Overall, growth trends of cell spheroids generated by both low-frequency and high-frequencyexcitations are similar. The slope of growth seems slightly steeper after 5 days of cell culture. The cell spheroids generated by the highfrequency excitation have a slightly faster growth rate (2.05 fold in 7 days) than that by the low-frequency excitation (1.79 fold in 7 days). For large cell spheroids, the cells at the center may be less exposed to the nutrient and oxygen from the culture medium [62] [63] [64] , which may slow down cell growth and lead to necrotic death [65] . After being transferred out of the PDMS cavity and collected in a culture dish, the fresh cell spheroids have clear outlines of individual cells. After 4 h, the cells in the formed spheroids start to merge with the adjacent cells. Within a day, the cell outlines in the spheroid become blurred, showing the significant cell mergence. On day 3, all cells inside the spheroid merge almost completely with the disappearance of cell outlines, especially those at the center. After that, there are no more significant changes in the morphology of the formed cell spheroids.
Cell Vability
Cell viability of HepG2 was measured on day 1, 3, 5, and 7 to investigate the influence of acoustic excitation on the formed cell spheroids. The cells undergone SSAW excitation showed a clear accumulation with adjacent cells comparing with those wihtout acosutic excitation, but without significant difference on the cell viabilities (see red fluorescent intensity in Figure 5 ). On day 0, the cell outlines in the cell spheroids were still clear. After 7 days of cell culture, cell spheroids became more compact and round with cell viability of 94% (see Figure 5C ). Although the cell viability decreased slightly over such a period, there are always no significant differences between the cells in Figure 5D ). Both experimental and control group had high cell viability over 90% which represents healthy cell condition and suggests the safety of our approach. It is found that the cell viability by the high-frequency excitation was slightly lower than that by the low-frequency excitation despite without statistical difference (p< 0.05), which may be due to greater acoustic radiation force applied to the cells. The slight decrease of cell viability over time is due to the cell spheroids being cultured in non-attachable environment. If transferred to a scaffold, cell spheroids will be able to grow into a stable construct. There are two major contributions to the death of cell spheroids formed after acoustic manipulation: temperature and magnitude of acoustic radiation force applied to the cells during the acoustic excitation for approximately 30 min continuously. As the cell viability is highly sensitive to the environment temperature, a lab-built cooling plate was placed underneath the LiNbO 3 substrate to release the excessive heat and control the temperature in order to reduce the thermal effects on the viability of the formed cell spheroids. The temperature of PDMS cavity was measured to be around 26 C by an infrared thermometer (MAX IR Thermometer, Fluke, Everett, WA USA). Nevertheless, the acoustic radiation force at the pressure node for the generation of cell spheroid has a theoretical magnitude of 0. In this experiment, the cell spheroids in the diameter range of about 15 μm to 70 μm were over 90% in viability after at least 7 days of cell culture. This result is in good agreement with previous studies [36, 66, 67] where the cell spheroids in diameter below 100 μm could survive at a very high percentage (over 85%). However, large cell spheroids may also result in some dead cells at the center after incubation for a long time. Such limitation of spheroid size is dependent on the type of cells and the conditions of cell culture. As for hepatocyte, the mostly viable spheroid diameter could reach about 120-180 μm [66] [67] [68] [69] [70] . Since oxygen is difficult to permeate through the thick cell structure, further increase in size results in a depletion of oxygen (hypoxic conditions) and causes cell necrosis in the core of large spheroids [65, 71] . 
Conclusion
In this study, the device with PDMS cavity and IDTs to form cell spheroids by SSAW was developed, and its performance was evaluated. The effects of excitation frequency on the accumulation time and the size of cell spheroids immediately after the formation and growth and cell viability after culturing for up to 7 days were studied. The cell accumulation time by SSAW using the high-frequency (23.8 MHz) excitation could be reduced by ~2.5 fold compared to that using the low-frequency (10.4 MHz) frequency excitation in the simulation. Size of cell spheroids formed by the high-frequency excitation is smaller than that by the low-frequency excitation by about 43% on day 0 and 34% on day 7, respectively. The viability of HepG2 cell spheroids is over 90% up to 7 days of cell culture and similar to the control group, which illustrates no influence of acoustic manipulation and suggests the acoustically prepared cell spheroids as good candidate of bioink. In the future, this technology could be applied for various biotechnology applications (e.g., drug testing, tissue engineering, and 3D bioprinting).
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